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“The importance of clouds in the climate system cannot be overemphasized”—

















































comments	 that	 improved	 the	 final	 version	 of	 this	 report.	 	 From	 NASA	 Langley	 Research	
Center,	 the	following	organizations	contributed:	Research	Directorate,	Science	Directorate,	
Center	Operations	Directorate,	and	Engineering	Directorate.			Very	helpful	external	reviews	
were	 provided	 by	 Dr.	 James	 D.	 Klett,	 Dr.	 Steven	 Ghan,	 and	 Dr.	 John	 H.	 Helsdon.	 	 Many	
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The	 state	 of	 the	 art	 for	 predicting	 future	 climate	 changes	 due	 to	 increasing	 greenhouse	
gasses	in	the	atmosphere	with	high	accuracy	is	problematic,	notably	due	to	need	for	greater	
sophistication	 in	 atmospheric	 modeling.	 	 Confidence	 intervals	 on	 current	 long‐term	
predictions	 (on	 the	 order	 of	 100	 years)	 are	 so	 large	 that	 the	 ability	 to	 make	 informed	
decisions	 with	 regard	 to	 optimum	 strategies	 for	 mitigating	 both	 the	 causes	 of	 climate	
change	and	its	effects	is	in	doubt.		There	is	ample	evidence	in	the	literature	that	large,	if	not	
the	 largest,	 sources	 of	 uncertainty	 in	 current	 climate	 models	 are	 various	 aerosol	 effects,	
with	uncertainty	levels	ranging	from	50%	to	400%	and	greater.		A	significant	deficiency	in	
current	 capabilities	 is	 the	 lack	 of	 high‐fidelity	 mathematical	 models	 for	 cloud‐aerosol	
interactions.		As	exaflop‐class	computational	capability	begins	to	come	on	line	over	the	next	
decade	or	so,	much	better	modeling	of	these	interactions	will	be	needed	to	take	advantage	
of	 significantly	 increased	 computational	 power	 and	 enable	 the	 high	 fidelity	 climate	








laboratory	 setting	 so	 that	 relevant	 fluid‐dynamic	 and	 cloud‐aerosol	 phenomena	 (e.g.,	
turbulent	 many‐phase	 flow,	 convection,	 electrostatics,	 aerosol	 particle	 formation	 and	
growth,	etc.)	can	be	experimentally	simulated	and	studied	in	a	controlled	environment	using	
sophisticated	 instrumentation	 in	 a	 facility	 that	 is	 large	 enough	 so	 that	 wall	 effects	 are	
reduced	to	acceptable	 levels,	and	reasonable‐scale	cloud	dynamics	can	be	simulated.	 	This	
report	presents	a	high‐level	argument	for	significantly	improved	laboratory	capability,	and	
is	meant	 to	 serve	as	a	 starting	point	 for	 stimulating	discussion	within	 the	 climate	 science	
and	 other	 interested	 communities	 with	 regard	 to	 the	 need,	 requirements,	 and	 payoff	 for	












Currently,	 there	 is	wide	agreement	within	 the	climate	science	community	 that	 the	Earth's	
mean	atmospheric	temperature	has	risen	over	the	last	century	relative	to	historical	norms,	
and	 that	 this	 rise	 is	 being	 driven	 primarily	 by	 increased	 concentrations	 of	 natural	 and	
anthropogenic	 greenhouse	 gasses,	 although	 there	 is	 some	 disagreement	 as	 to	 whether	
increased	 greenhouse	 gas	 concentrations	 are	 due	 to	 natural	 cycles	 or	 human‐induced	
activities.	 	 Water	 vapor	 is	 the	 most	 abundant	 greenhouse	 gas	 in	 the	 atmosphere,	 but	
increases	primarily	 in	 carbon	dioxide	 (CO2),	 but	 also	methane	 (CH4),	 nitrous	oxide	 (N2O),	





climate	 change	 and	 its	 impacts.	 	 Key	 policy‐	 and	 decision‐makers	 in	 government	 and	
industry	require	high‐confidence	projections	of	future	climate	states	in	order	to	make	good	
decisions	 with	 regard	 to	 deployment	 of	 resources	 for	 reducing	 greenhouse	 gas	 sources,	









of	 the	 twenty‐first	 century)	 are	 so	 large	 that	 the	 ability	 to	make	 informed	decisions	with	
regard	to	optimum	strategies	for	mitigating	both	the	causes	of	climate	change	and	its	effects	





the	gray	"best	estimate"	bars	 to	 the	 right	of	Figure	2.	 	 Similarly,	 sea‐level	 rise	predictions	
vary	by	a	factor	of	greater	than	three	(approximately	+18	cm	to	+59	cm).		While	the	reasons	
for	the	spread	in	the	predictions	are	varied	and	complex	(differing	underlying	assumptions,	












































	 Figure 1. Observed historical change in global average surface temperatures, 









































Table 1. Projected Global Average Surface Warming and Sea Level Rise at the end of the 
21st Century (from Ref. 1,  Table 3.1, p. 45) 
Figure 2.  Change in average measured (1900-2000) and predicted (2000-2100) 
surface temperature relative to 1980-1999 (from Ref. 2, Fig. SPM.5, Summary 
for Policymakers section, p. 14) 
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There	 is	ample	evidence	 in	 the	 literature	 (e.g.	 refs.	2	 ‐	5,	with	many	other	examples	cited	
later)	 that	 large,	 if	 not	 the	 largest,	 sources	 of	 uncertainty	 in	 current	 simulation	 climate	
models	are	various	cloud	and	cloud‐aerosol	effects,	with	values	ranging	from	50%	to	400%	
and	 greater.	 	 A	 significant	 deficiency	 in	 current	 capabilities	 is	 a	 lack	 of	 high‐fidelity	






it	difficult	 for	policy	makers	 to	use	such	projections	 to	develop	national	and	
international	 energy	 policy.	 The	 spread	 in	 climate	model	 projections	 arises	
from	 two	 broad	 sources	 of	 uncertainty.	 First,	 scientists	 believe	 that	
anthropogenic	 atmospheric	 aerosols	 partially	 offset	 the	 global	 warming	
influence	 due	 to	 enhanced	 greenhouse	 gas	 concentrations,	 but	 because	
climate	models	are	uncertain	how	to	represent	the	complex	aerosol	 lifecycle	
in	 the	 atmosphere,	 they	 are	 also	 uncertain	 about	 the	 impact	 of	 aerosols	 on	
climate.	 Second,	 clouds	 are	 a	 large	 source	 of	 uncertainty	 in	 climate	models,	
particularly	 how	 clouds	 will	 respond	 to	 and	 interact	 with	 changes	 in	
atmospheric	 composition.	 	Both	aerosols	 and	 clouds	 influence	radiation	and	
precipitation,	which	together	largely	drive	the	global	atmospheric	circulation.	
	
A	 primary	 cause	 of	 current	 high	 levels	 of	 uncertainty	 in	 future	 climate	 prediction	 by	






direct	 radiative	 forcing	 of	 –0.5	 [–0.9	 to	 –0.1]	 W	 m–2	 and	 an	 indirect	 cloud	
albedo	 forcing	 of	 –0.7	 [–1.8	 to	 –0.3]	W	m–2.	 	 These	 forcings	 are	 now	better	
understood	 than	 at	 the	 time	 of	 the	 TAR	 (i.e.,	 the	 third	 Technical	 Analysis	





The	 mechanisms	 contributing	 to	 radiative	 forcing	 are	 summarized	 in	 Figure	 3	 from	
Reference	 2.	 	 Note	 that	 the	 total	 (direct	 +	 cloud	 albedo)	 impact	 of	 aerosols	 on	 radiative	
forcing	 is	second	only	 to	CO2,	but	 that	 the	uncertainties	on	 these	quantities	are	by	 far	 the	
largest	of	any	of	the	components,	and	that	the	"level	of	scientific	understanding"	(LOSU)	is	
"medium	to	 low"	 for	direct	effects,	 and	 "low"	 for	 cloud	albdeo	effects.	 	The	clear	need	 for	
significantly	 better	 understanding	 of	 the	 physical	 mechanisms	 and	 processes	 underlying	
 8
atmospheric	 aerosols	 and	 cloud‐aerosol	 interactions	 (as	 they	 relate	 to	 climage	 change)	 is	
the	impetus	for	proposing	that	highly	controlled	experiments	be	conducted	in	a	state‐of‐the‐
art	 laboratory.	 	Only	when	 the	 relevant	underlying	physical	 processes	 related	 to	 aerosols	
and	 cloud‐aerosol	 interactions	 are	much	 better	 understood,	 and	 those	 physical	 processes	






Figure 3.  Anthropogenic and Natural Radiative Forcing Components Important to Climate 
Change (from Ref. 2, Fig. SPM.2, Summary for Policymakers section, p. 4) 
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ocean	 sediments	 could	 have	 a	 major	 impact	 on	 temperature	 rise	 since	 methane	 is	 over	
twenty	 times	 more	 effective	 than	 CO2	 as	 a	 greenhouse	 gas.	 The	 tundra	 and	 oceans	 also	
contain	massive	amounts	of	fossil	CO2	that	is	being	released	as	warming	occurs.		In	addition,	
the	 ability	 of	 the	 oceans	 to	 absorb	 excess	 atmospheric	 CO2	 (i.e.,	 "CO2	 uptake")	 is	 being	
reduced	due	to	temperature	rise,	acidification,	and	reductions	in	algae.		Another	example	of	
a	positive	feedback	cycle	is	related	to	the	planet's	albedo,	or	the	amount	of	solar	radiation	
reflected	 back	 into	 space.	 	 As	 large	 ice	 sheets	 melt,	 albedo	 is	 reduced	 and	 average	
temperature	is	increased.	 	 Increased	temperature	results	 in	more	water	being	evaporated,	





One	approach	 to	 furthering	discovery	as	well	 as	modeling,	and	verification	and	validation	
(V&V)	for	cloud‐aerosol	interactions	is	to	use	a	"cloud	chamber"	with	a	significantly	larger	
volume	 than	 is	 currently	 available.	 Such	 a	 laboratory	 facility	 would	 be	 used	 in	 a	
complimentary	 role	 to	 in‐situ	 field	 campaign	measurement	 approaches	 (e.g.,	 airborne	 and	




turbulent	 many‐phase	 flow,	 convection,	 turbulence,	 electrostatics,	 particle	 formation	 and	
growth,	etc.)	can	be	experimentally	simulated	and	studied	in	a	controlled	environment	using	
sophisticated	 instrumentation	 in	 a	 facility	 that	 is	 large	 enough	 so	 that	 wall	 effects	 are	
reduced	 to	 acceptable	 levels,	 and	 reasonable‐scale	 cloud	 dynamics	 can	 be	 simulated.	 	 As	
discussed	 and	 suggested	 herein,	 controlled	 laboratory	 experiments	 in	 large‐scale	 ground	
facilities	 appear	 to	 be	 a	 "missing	 link"	 in	 the	 quest	 for	 truly	 high	 fidelity	 climate	 change	









“climate	 change”	 as	 a	 “common	 enemy”	 could	 lead	 to	 greater	 global	 consilience.	 	 NASA	
Langley	Research	Center	is	assessing	the	need	and	requirements	for	a	ground‐based	facility	
to	 experimentally	 simulate,	 both	 for	 discovery	 science	 and	 modeling,	 cloud‐aerosol	
interactions	 with	 application(s)	 to	 their	 effects	 on	 climate	 change.	 	 Such	 a	 facility	 is	
envisioned	 as	 a	 national	 resource	 for	 developing	 critical	 aspects	 of	 climate	 models,	
calibrating	 computational	methods,	 and	 understanding	 the	 physical	 processes	 underlying	
cloud‐aerosol	interactions	through	the	study	of	meaningful	but	manageable	"unit	problems"	
at	 useful	 scales.	 	 This	 document	 outlines	 the	 impetus	 for	 considering	 the	 need	 for	 better	
understanding	 and	 representation	 of	 cloud‐aerosol	 interactions	 in	 Global	 Climate	Models	







be	 consistent	 (e.g.,	 that	 a	 rise	 in	 mean	 global	 temperature	 over	 a	 time	 scale	 of	 several	
decades	 will	 occur	 due	 to	 increasing	 levels	 of	 greenhouse	 gasses	 from	 a	 combination	 of	
anthropogenic	 and	 natural	 sources)	 there	 is	 wide	 acceptance	 within	 the	 climate	 science	
community	 that	 there	 are	 large	 uncertainties	 in	 these	 projections	 due	 to	 a	 number	 of	
factors.	 	One	of	 the	 largest	 sources	of	uncertainty	 appears	 to	be	 lack	of	 sophistication	 for	
representing	 cloud	 feedbacks	 (positive	 and	 negative)	 into	 the	 Earth's	 radiation	 budget	 in	
Global	Climate	Models4,5,	 including	 forcing	effects	of	aerosols	as	 they	 interact	with	clouds.		
Large	 Eddy	 Simulations	 (LES)	 and	 other	 computational	 approaches	 use	 modeling	 to	
simulate	complex	atmospheric	physics	and	chemistry,	 including	the	effects	of	aerosols,	 for	
predicting	 climate	 states	 (e.g.,	 Ref.	 8).	 	 These	 aerosol	 (and	 other	 particulate)	 effects	 are	
believed	 to	be	 the	 source	of	phenomena	ranging	 from	"global	dimming"	 (the	 reduction	of	
direct	 solar	 radiation	 reaching	 the	 Earth's	 surface	 and	 thus	 reducing	 atmospheric	
temperature	 and	 partially	 counteracting	 temperature	 rise	 caused	 by	 greenhouse	 gas	





times	 smaller.	 	 While	 necessary	 due	 to	 the	 computational	 intensity	 of	 atmospheric	






































some	aerosol	components	 it	 is	more	 than	200%.	 	The	regional	 scale	 forcing	can	be	
significantly	 greater	 than	 the	 global	 average,	 as	 can	 the	 associated	 uncertainty”	 ‐	
(Ref.	17)	
	







































part	 because	of	 an	 incomplete	understanding	of	 ice	 formation	mechanisms”	 ‐	 (Ref.	
25)	
	





little	 on	 how	 to	 quantify	 them	 accurately	 in	 the	 weather	 and	 climate	 models,	 It	
appears	we	cannot	get	the	climate	system	right	without	properly	accounting	for	the	
aerosol‐cloud‐precipitation	 processes,	 the	 dynamic	 response	 of	 the	 clouds	 and	 the	
cascade	of	feedbacks”	‐	(Ref.	27)	
	
 “Aerosols	 and	 clouds	 play	 central	 roles	 in	 atmospheric	 chemistry	 and	 physics,	
climate,	 air	 pollution	 and	 public	 health.	 The	 mechanistic	 understanding	 and	
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specifically	 whether	 or	 not	 clouds	 would	 exacerbate	 climate	 change	 by	 trapping	
more	heat	or	ameliorate	it	by	reflecting	more	sunlight.	
 
Based	on	recent	 reports	 (e.g.,	Ref.	2),	 typical	uncertainties	 for	various	 impacts	of	aerosols	
upon	 climate	 forcing	 are	 in	 the 50%	 to 100%	range,	 but	with	 several	 at	much	 greater	
uncertainties	 of	 up	 to	 400%.	 	 The	 current	 state‐of‐the‐art	 for	 developing	 atmospheric	
simulation	models	relies	almost	primarily	on	in	situ	and	remote‐sensing	field	measurements	
of	atmospheric	state	using	ground	based,	airborne,	or	spaceborne	instruments.	 	The	use	of	
highly	 sophisticated	 instruments	 and	 sensing	 techniques	 in	 real‐world	 atmospheric	
measurements	 produces	 very	 high	 quality	 data	 for	 analysis	 and	modeling.	 	 However,	 the	
information	 produced	 by	 such	 field	 campaigns	 is,	 by	 its	 nature,	 “all	 inclusive”	 and	
“contemporary”,	i.e.,	the	entire	panoply	of	physical	mechanisms	and	interactions	present	in	
the	atmosphere	locally	and	currently	are	represented,	but	the	ability	to	assess	the	impact	of	
particular	 constituents	 or	 processes	 in	 controlled	 and	 repeatable	 ways	 (i.e.,	 as	 in	 a	
laboratory	 setting)	 is	 either	 very	 difficult	 or	 impossible.	 	 Thus,	 potential	 changes	 to	 such	
physics	and	interactions	that	might	be	induced	going	forward	by	various	impacts	of	climate	
change	 are	 not	 accessed.	 	Without	 accurate,	 valid	modeling	 of	 the	 requisite	 physics	 writ	
large	 these	 current	 field	 campaigns	 cannot	 be	 projected	 forward	 to	 yield	 what	 is	 really	
required	–	accurate	“predictions”	and	impacts	of	various	mitigation	approaches.		As	noted	in	
Reference	 3:	 	 “Projections	 of	 a	 future	 indirect	 effect	 are	 especially	 uncertain	 because	
empirical	 relationships	 between	 cloud	droplet	 number	 and	 aerosol	mass	may	not	 remain	
valid	 for	 possible	 future	 changes	 in	 aerosol	 size	 distributions”.	 	 Although	 the	 empirical	
formulations	noted	 in	Reference	3	have	been	superseded	by	 those	 that	are	more	physics‐
based	 in	 the	 current	 generation	 of	 climate	 models	 (as	 noted	 in	 Reference	 4),	 significant	
work	 remains	 to	 be	 done	 before	 the	 all	 of	 the	 relevant	 physics	 are	 captured.	 	 The	 field	





to	 understand	 the	 contributing	 processes	 well	 enough	 to	 accurately	 reproduce	 them	 in	
models”	 (Ref.	 13).	 	 Currently	 in	 the	U.S.,	 ground‐based	 laboratory	 facilities	 (excluding	 the	
ground‐based	atmospheric	measurement	field	campaign	instruments	just	noted)	appear	to	








Summary of the State of the Art for Ground-Based Experimental Laboratories 
A	review	of	the	literature	reveals	that	the	state	of	ground‐based	facilities	for	experimentally	
simulating	 and	 studying	 cloud	 phenomena	 (excluding	 those	 for	 instrument	 calibration,	
small‐scale	 experiments,	 and	 educational	 instruction)	 is	 at	 a	 low	 ebb,	 	 far	 more	
conspicuously	 in	 the	 U.S.	 than	 in	 Europe.	 	 The	 appendix	 of	 this	 report	 summarizes	 the	




In	 the	 U.S.,	 while	 fairly	 large	 facilities	 (e.g.,	 cloud	 chambers)	 were	 in	 use	 during	 past	
decades,	few	if	any	of	these	appear	to	be	operational	today.		In	the	mid	20th	century,	cloud	
chamber	 laboratory	 facilities	 of	 various	 types	 and	 sizes	 were	 relatively	 common,	
contributing	much	to	the	understanding	of	cloud	microphysics.		In	the	later	portions	of	the	
20th	century,	interest	shifted	into	the	emerging	numerical	simulation	arena	as	a	companion	
to	 field	 campaigns	 and,	 in	 the	 U.S.,	 cloud	 chamber	 and	 other	 laboratory	 studies	 were	
deemphasized	and	most	were	decommissioned.		A	workshop	on	“The	Future	of	Laboratory	
Research	 and	 Facilities	 for	 Cloud	 Physics	 and	 Cloud	 Chemistry”	 (Ref.	 30)	 was	 held	 at	
Boulder,	 Colorado	 in	 1985.	 	 The	 report	 from	 that	 workshop	 states	 that	 “...laboratory	
research	over	the	past	two	decades	(i.e.,	since	the	1960s)	has	declined	to	such	an	extent	that	
scientific	 progress	 toward	 understanding	many	 processes	 occurring	 in	 the	 atmosphere	 is	
being	impeded”.	 	Additionally	stated	in	that	report	is	the	following	conclusion:	“Triple	(i.e.,	
two	 types	 of	 precipitation	 particles	 and	 cloud)	 and	 triple‐plus	 interactions	 need	 to	 be	





recommend	 facilities	 in	 the	 80m	 to	 120m‐size	 range	 to	 enable	 studies	 of	 cloud‐aerosol	
interactions,	as	illustrated	in	Figure	4.			
	




























the	 U.S.	 have	 even	 further	 atrophied.	 	 The	 promise	 shown	 by	 advanced	 atmospheric	
simulation	techniques	(both	as	a	predictive	tool,	and	as	a	way	to	make	those	predictions	at	
lower	 cost	 than	 via	 ground‐based	 experiments),	 coupled	 with	 availability	 of	 "current	
atmosphere"	data	from	sophisticated	in	situ	and	remote‐sensing	field	measurements,	was	a	
primary	driver	for	this	shift	in	emphasis.			However,	in	hindsight,	it	is	clear	that	high	fidelity	
climate	 predictions	 must	 rely	 on	 a	 "three	 legged	 stool"	 of	 field	 measurements,	




A	 direct	 analogy	 to	 the	 situation	 in	 climate	 prediction	 is	 the	 imminent	 demise	 of	
aerodynamic	 wind	 tunnels	 that	 was	 predicted	 with	 the	 advent	 of	 sophisticated	
computational	 fluid	 dynamic	 (CFD)	 codes	 for	 solving	 the	 Navier‐Stokes	 equations	 that	
began	 in	 the	 1970s	 ("there	 will	 be	 no	 need	 for	 wind	 tunnels	 within	 ten	 years..."),	 and	
continued	in	the	decades	that	followed.	 	However,	 in	the	forty	years	since	then,	while	CFD	
has	made	great	 inroads	 into	high‐fidelity	aerodynamic	prediction	and	many	wind	 tunnels	
have	 closed	 (more	 due	 to	 a	 significant	 reduction	 in	 the	 number	 of	 aircraft	 development	
efforts,	 e.g.,	 due	 to	 the	 end	 of	 the	 Cold	War,	 than	 to	 a	 reduction	 in	 need	 for	 high‐fidelity	
experimental	 data	 in	 any	 given	 project),	 it	 appears	 that	 the	 aerospace	 community	 is	
1
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Figure 4.  Concept for a national cloud and precipitation research facility from 1985 






providing	 the	 "final	 answer"	 prior	 to	 flight.	 	 So,	 while	 Boeing	 used	 CFD	 to	 significantly	
reduce	 the	 number	 of	 wing	 sets	 that	 were	 wind	 tunnel	 tested	 for	 the	 787	 Dreamliner	
compared	to	earlier	aircraft,	it	could	not	have	accomplished	the	task	without	the	concurrent	
use	of	high	quality	experimental	data	from	large	wind	tunnels,	both	for	data	generation	and	
for	 computational	 tool	 validation.	 	 Climate	 prediction	methods	 appear	 to	 have	 followed	 a	
path	similar	 to	 that	of	 the	aerospace	community,	but	have	gone	even	farther	 in	 that	 there	
are	few	if	any	large	experimental	facilities	in	operation	today.		
	
Needless	 to	say,	 the	suggested	100m	class	 facilities	called	 for	at	 the	1985	workshop	were	
never	 constructed.	 	 There	 have	 been	 attempts	 to	 secure	 funding	 for	 larger	 scale	 facilities	
(i.e.,	 larger	 than	 contemporary	 facilities),	 but	 to‐date	 none	 of	 these	 proposals	 has	 been	
successful	 (Ref.	 33).	 	 Besides	 cloud	 chambers,	 other	 facilities	 such	 as	 specially	 designed	
vertical	 wind	 tunnels	 have	 been	 used	 to	 simulate	 the	 dynamics	 of	 raindrops	 and	 other	








of	 sixteen	 chamber	 facilities	 operated	 by	 fourteen	 partner	 organizations	 from	 eight	
European	 countries	 organized	 in	 2009	 as	 a	 follow‐on	 to	 EUROCHAM‐1	 (2004	 ‐	 2009).		
Although	there	are	no	EUROCHAMP	facilities	that	approach	the	scale	of	that	being	discussed	








Another	 example	 of	 a	 modern	 facility	 is	 LACIS,	 or	 Leipzig	 Aerosol	 Cloud	 Interaction	
Simulator	operated	by	the	Leibniz	Institute	for	Tropospheric	Research	in	Germany	(Ref.	39).		
This	 facility	 is	 highly	 specialized	 to	 study	 cloud‐aerosol	 interactions.	 	 LACIS	 consists	 of	 a	
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      Figure 5.  AIDA cloud chamber (Ref. 38, public domain image  





















Figure 6.  LACIS cloud-aerosol interaction facility (Ref. 39, public 
domain image courtesy of Dr. Frank Stratmann/EUROCHAMP) 
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Some High-Level Facility Requirements for Cloud Research via Ground-Based 
Laboratories 
Clearly,	depending	on	the	intended	use	of	the	facility,	a	"cloud	chamber"	can	take	on	one	of	
several	 incarnations.	 	 For	 example,	 as	 noted	 earlier,	 specialized	 vertical	 wind	 tunnels,	 or	
"cloud	tunnels"	have	been	successfully	used	to	simulate	processes	such	as	rain	drop	and	ice	




the	 cloud	 scale	might	 be	 required	 to	 keep	wall	 effects	 and	 other	 unwanted	 influences	 to	
acceptable	 levels	 during	 experiments.	 	 Also,	 wall	 temperatures	 would	 likely	 have	 to	 be	
precisely	regulated	in	order	to	provide	conditions	for	conducting	meaningful	experiments.		
This	 high	 degree	 of	 temperature	 control	 could	 be	 accomplished	 via	 the	 use	 of	 super‐
insulated	 walls,	 active	 temperature	 regulation,	 or	 a	 combination	 of	 the	 two	 methods.		
Additionally,	 the	 need	 for	 specialized	 instrumentation,	 possibly	 sophisticated	 flow	 (and	
phase)	control,	and	other	considerations	would	have	to	be	taken	into	account.		A	sampling	of	
the	 physical	 mechanisms	 and	 processes	 requiring	 improved	 discovery,	 quantification	 as	








ice	 forming	 nuclei	 (IFN),	 i.e.,	 micro‐scale	 turbulence	 accelerates	 cloud	 formation,	














 Effects	 of	 dynamic	 motions,	 convection,	 and	 shear,	 at	 the	 cloud	 and	 larger	 scales	
upon	 aerosol	 interactions	 and	 behavior,	 including	 coalescence,	 evaporation,	
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collisions,	 coagulation,	 condensation,	 activation,	 glaciation,	 aggregation	 and	
sedimentation	
	
 Possibility	 of	major	 effects	 of	 cosmic	 rays	 and	 ion‐induced	 nucleation	 and	 electro‐







 Atmospheric	and	self‐induced	electric	 field	effects	 (including	 lightning)	on	collision	


















The	 major	 cloud‐aerosol	 interaction	 processes	 to	 be	 simulated	 include	 agglomeration,	
coagulation,	 coalescence,	 the	 various	 phase	 changes	 including	 areas	 with	 significant	
knowledge	gaps	such	as	ice	cloud	formation,	nucleation,	deposition,	catalysis,	electrification,	
chemical	changes	writ	large,	and	convection	(including	turbulence	and	precipitation).	 	The	
independent	 parameter	 spaces	 include	 altitude/pressure,	 temperature,	 moisture,	
convection/turbulence,	 radiation	 (including	 ultraviolet	 and	 cosmic	 rays),	 chemical	
composition(s),	 initial	 aerosol	 compositions/size/geometry/number	 density,	 electrostatic	
fields,	 various	 “bio	 effects”,	 and	 doubtless	 others.	 	 Clearly,	 there	 are	 myriad	 physical	
mechanisms	 and	 processes	 related	 to	 clouds,	 precipitation,	 aerosol	 interactions,	 etc.,	 that	
are	not	as	yet	well	understood	which	could	benefit	greatly	from	study	in	a	highly‐capable,	
well‐designed	laboratory	(why	does	precipitation	occur?	how	do	ice	clouds	form	and	grow?		






clarify	 the	 nucleation	 mechanisms”	 (emphasis	 added).	 	 Similarly,	 from	 Reference	 18:	
“Obviously	 deconvoluting	 the	 relative	 impact	 of	 each	 property	 on	 CCN	 activation	 is	more	
straight	 forward	 in	 well	 controlled	 laboratory	 experiments".	 	 Also,	 “In	 contrast	 to	 field	
observations,	 laboratory	 studies	 allow	one	 to	 examine	 (ice)	 crystal	 growth	processes	 and	











under	 controlled	 conditions....such	 a	 facility	 would	 be	 a	 bold	 breakthrough‐science‐type	




To	 the	 extent	 that	 the	 various	 scientific	 and	 modeling	 shortfalls	 and	 physical	 issues		
discussed	herein	are	affected	by	cloud‐level	turbulence	and	convection,	a	large‐scale	cloud	
chamber/laboratory	appears	to	be	required	to	conduct	controlled	experiments,	as	noted	in	
Reference	42:	 	 “One	principle	 continuing	difficulty	 is	 that	of	 incorporating,	 in	a	physically	
realistic	manner,	the	microphysical	phenomena	in	the	broader	context	of	the	highly	complex	
macrophysical	 environment	 of	 natural	 clouds”.	 	 While	 it	 is	 recognized	 that	 a	 parametric	





The	 motion	 of	 air	 within	 clouds	 is	 in	 general	 turbulent,	 and	 the	 characteristics	 of	 this	
turbulence	 are	 a	 function	 of	 the	 details	 of	 cloud	 formation,	 interactions,	 and	 internal	


























generate	 and	 control	 air	 turbulence	 of	 varying	 scales,	 frequencies,	 amplitudes,	 etc.,	 for	
parametric	 studies	 in	 a	 cloud	 chamber.	 	 Potential	 techniques	 include	 production	 of	 local	
shear/convection,	 “artifactual”	 turbulence	 (i.e.,	 turbulence	 generated	outside	 the	 chamber	
and	 "injected"),	 and	 utilization	 of	 other	 turbulence	 production	 approaches	 including	
buoyancy,	localized	heating,	chemical	reactions,	and	possibly	application	of	magnetic	fields.	
Turbulence	 is	 generated	 in	 many	 ways	 in	 both	 nature	 and	 by	 technology,	 and	 these	








Clearly,	 the	 literature	 has	 many	 examples	 of	 major	 gaps	 in	 the	 knowledge	 necessary	 to	
adaquately	model	cloud‐aerosol	effects	for	both	regional	and	global	climate	projections.		It	is	
recognized	 that	 no	 single	 ground	 facility	 can	 duplicate	 the	 myriad	 complex	 interactions	
found	in	nature,	or	even	some	of	the	most	difficult	phenomena	individually	(e.g.,	cloud‐top	
radiative	cooling	as	a	driving	mechanism	for	turbulence),	but	with	the	still	ambitous	goal	of	











Although	 a	 ground	 facility	 for	 simulating	 even	 small	 clouds	 could	 be	massive,	 precedent	
exists	for	the	construction	of	the	basic	shell	of	such	a	facility.		Clearly	wall	effects	(thermal,	
fluid	 boundary,	 etc.)	 would	 need	 to	 be	 minimized.	 	 It	 is	 assumed	 that	 fluid	 boundary	
conditions	can	be	mitigated	both	by	the	scale	of	the	facility	(i.e.,	keeping	the	area	of	interest	





If	 very	 large	 scales	 and	 extremely	 efficient	 insulation	 are	 required	 for	 such	 a	 facility,	 a	
precedent	 exists	 in	 the	 petroleum	 industry,	 which	 has	 been	 constructing	 ever‐larger	
cryogenic	storage	facilities	for	liquefied	natural	gas	(LNG)	since	the	1960s.		Current	state‐of‐
the‐art	 storage	 facilities	 have	 volume	 capacities	 in	 the	 2x105	 m3	 range	 and	 can	 store	
liquefied	methane	at	‐160	oC	at	atmospheric	pressure	with	a	minimum	of	"boil	off"	due	to	
superb	insulation	characteristics.	 	 	Typical	construction	consists	of	a	pre‐stressed	concrete	
outer	 shell,	 a	 high‐performance	 insulation	 blanket,	 and	 an	 inner	 nickel	 alloy	 shell.	 	 An	
example	of	a	one	of	the	largest	facilities	in	existence	is	El	Paso	Corp.'s	Elba	Island,	Georgia	






Additionally,	 unit	 cost	 estimates	 for	 existing	 and	 proposed	 facilities	 available	 in	 the	 open	
literature	are	scarce.		A	2006	publication	(Ref.	48)	states	that	unit	volume	costs	for	an	LNG	
storage	 facility	 is	 in	 the	 $400/m3	 range.	 	 The	 88m‐diameter	 Elba	 Island	 tank	 has	 an	
approximate	 gross	 volume	 of	 2.3x105	 m3,	 resulting	 in	 an	 estimated	 (tank	 only)	 cost	 of	
$92x106.	 	 Conversely,	 a	 smaller	 facility	 (the	 62m	 diameter	 LNG	 tank	 at	 Mt.	 Hayes,	 B.C.,	
Canada,	Ref.	49)	was	completed	in	the	late	2000s	and	has	a	cost	2007	estimate	(couched	as	a	
90%	 confidence	 estimate	 since	 the	 facility	was	not	 completely	 finished	 at	 the	 time	of	 the	
writing	of	the	report)	given	as	$186	x106.		Given	the	spread	of	these	two	figures,	it	is	clear	
that	 significantly	 more	 research	 will	 be	 required	 to	 formulate	 a	 more	 precise	 estimate.		
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Figure 7.  Example of Large Cryogenic Storage Tank for Liquified Natural Gas 
(public domain image courtesy of ferc.gov)	
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hygroscopicity	 to	 enhance	 aerosol	 negative	 feedback	 (as	 one	 example).	 	 Additionally,	







This	 report	articulates	 the	need	and	high‐level	 requirements	 for	a	 large	ground	 facility	 to	
compliment	and	augment	current	and	 future	atmospheric‐science	 field	measurments	with	
the	 goal	 of	 strengthening	 the	 understanding	 of	 clouds	 and	 cloud‐aerosol	 interactions	 and	
their	 impact	 on	 prediction	 of	 climate	 change.	 	 There	 is	 ample	 evidence	 in	 the	 recent	
technical	 literature	that	 there	are	many	major	gaps	 in	state‐of‐the‐art	modeling	of	climate	
dynamics	on	regional	and	global	scales,	and	that	these	gaps	are	(and	will	continue)	hobbling	





can	 be	made.	 	 A	workshop,	 along	 the	 lines	 of	 the	 1985	 gathering	 noted	 in	 Reference	 30,	
could	be	convened	to		update	and	refine	both	the	need	and	more	detailed	requirements	for	a	
large	 ground	 facility.	 	 It	 is	 suggested	 that	 a	 "virtual	workshop",	 similar	 to	 that	 used	 for	 a	
recent	modeling	and	simulation	state‐of‐the‐art	assessment	(Ref.	50)	is	an	efficient	way	to	
gather	 inputs	 from	 a	 large,	 geographically	 dispersed	 group	 of	 participants.	 	 However,	 a	
traditional	"face	to	face"	workshop	can	also	be	accomplished	if	that	approach	is	found	to	be	
preferable.	 	 If	 the	scientific	community	endorses	a	 large	scale	chamber,	next	steps	are	the	






upon	 cloud‐aerosol	 interactions	 and	 that	modeling,	 and	 indeed	 even	 understanding,	 such	
interactions	are	at	the	present	time	in	a	grossly	unsatisfactory	state.		There	are	myraid	2,	3,	
and	4‐phase	phenomena	 that	 are	 dependent	 upon	details	 of	 specific	 chemistry,	 radiation,	
and	 numerous	 other	 parameters	 including	 turbulence	 that	 require	 detailed	 study	 and	




precision	needed	for	believeable	climate	projections	going	forward.	 	 It	 is	of	 interest	that	a	
large‐scale	 chamber,	 necessary	 to	 begin	 to	 sort	 out	 the	 cloud	 level	 changes	 in	 aerosol	
impacts,	 physics,	 and	 behaviors,	 would	 probably	 take	 the	 better	 part	 of	 a	 decade	 to	
authorize	and	construct.	 In	that	same	time	frame	the	computing	machines	will	advance	to	
the	exaflop	stage,	which	is	still	far	less	capability	than	needed	to	ab‐initio	simulate	all	of	the	
multitudinous	 cloud	 and	 aerosol	 issues.	 	 Thus,	 modeling	 will	 be	 required	 for	 decades	 to	
come,	 making	 climate	 change	 prediction	 an	 "experimental	 science".	 	 A	 key	 part	 of	 that	
experimental	 effort	 needs	 to	 be	 a	 resurgence	 of	 serious,	 detailed,	 and	 creative	 laboratory	
studies.		It	is	upon	the	need	for	discovery	and	modeling	of	these	cloud‐level	interactions	that	
the	 justification	 for	a	100m	class	cloud	chamber	rests.	 	The	overall	 justification	 for	cloud‐
aerosol	 interaction	 research,	 for	 both	 discovery	 and	 modeling,	 could	 not	 be	 stronger	 as	
exemplified	 by	 this	 quote	 from	 Reference	 51:	 	 “(The	 study's	 author)	 has	 shown	 that	 in	
model	runs	using	an	AGCM,	the	warming	effect	of	doubling	CO2	concentration	may	be	offset	
by	reducing	an	assumed	(cloud)	droplet	effective	radius	of	10	microns	to	a	value	between	
7.9	 and	 8.6	 microns”.	 	 In	 other	 words,	 a	 change	 in	 the	 assumed	 magnitude	 of	 an	 cloud	
parameter	in	a	climate	model	of	only	15%	to	20%	has	the	potential	to	mask	the	projected	
impact	of	 large	 changes	 in	greenhouse	gas	 concentration.	 	 It	 is	 clear	 that	we	simply	must	
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significantly	 improve	 the	 modeling	 of	 the	 cloud‐aerosol	 effects.	 	 Coupling	 a	 large,	 high‐
capability	 ground	 facility	 for	 advanced	 model	 development,	 science,	 and	 discovery	 with	
























































































































































































































Partial List of Existing Ground-Based Aerosol and Cloud Chamber Research 
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